The suppressor of cytokine signaling (SOCS) protein family includes a SPRY (repeats in splA and RyR) domain-containing SOCS box protein (SSB) subfamily, which consists of four members, SSB-1, SSB-2, SSB-3, and SSB-4. These proteins contain a central SPRY domain and a C-terminal SOCS box. Although some of the SOCS protein subfamilies function as adaptors for a large family of ubiquitin-protein isopeptide ligases to regulate certain signaling pathways, the function of the SSB subfamily remains to be determined. In our previous studies, we have found that two SPRY domain-containing proteins, RanBP9 and RanBP10, interact with MET through the SPRY domain. In the present study, we explored the function of SSB proteins in the regulation of the hepatocyte growth factor (HGF)-MET signaling. Our results showed that all four SSB proteins also interacted with the MET. The MET interaction with SSB-1 was further investigated. We demonstrated that SSB-1 bound to MET tyrosine kinase domain through its SPRY domain. MET interacted with SSB-1 in both the absence and the presence of HGF, but HGF treatment resulted in the recruitment of more SSB-1 by MET. We showed that overexpression of SSB-1 but not other SSB proteins enhanced the HGF-induced serum response element (SRE)-luciferase activity. Overexpression of SSB-1 exhibited no effect on the basal level or epidermal growth factor-induced SRE-luciferase activity. SSB-1 also enhanced HGF-induced Erk phosphorylation. Suppression of SSB-1 by the RNA interference method down-regulated HGF-induced SRE-luciferase activity and decreased Elk-1 activation. These results suggest that SSB-1 may play an important role in enhancing the HGF-induced Erk-Elk-1-SRE pathway. Furthermore, we demonstrated that in response to HGF stimulation, the SSB-1 protein became phosphorylated at tyrosine residue 31. The phosphorylated SSB-1 protein bound to p120Ras-GTPase-activating protein (GAP) but did not promote the degradation of p120RasGAP, indicating that enhanced HGF-MET signaling by overexpression of SSB-1 was not dependent on p120RasGAP degradation.
consisting of an extracellular ␣-subunit of 45 kDa linked by disulfide bonds to a transmembrane ␤-subunit of 145 kDa (1, 2) . Similar to other members of the receptor tyrosine kinase superfamily, the MET receptor contains three functionally distinct domains: a large ligand-binding domain derived from the extracellular ␣-subunit and the N-terminal portion of the ␤-subunit; a single hydrophobic transmembrane domain; and an intracellular tyrosine kinase domain (2, 3) . Activation of MET depends on receptor dimerization, which is induced by HGF stimulation. The dimerized MET proteins result in intermolecular transphosphorylation and activation of their tyrosine kinase domains. The activation of the kinase activity and the association of adaptor proteins to MET elicit the activation of signaling cascades, including the Ras pathway (2, 3) .
Ras is localized at the cytoplasmic surface of the cell membrane and has two interconvertible forms: GDP-bound inactive and GTP-bound active forms (4 -6) . The GDP-GTP exchange reaction is stimulated by guanine nucleotide-exchanging proteins (7) . The resultant GTP-Ras activates downstream signaling proteins until Ras returns to its inactive GDP-bound state by hydrolysis of the GTP through its intrinsic GTPase activity. The rate of Ras-GTP hydrolysis is strongly accelerated by the binding of Ras GTPase-activating proteins (GAPs) (5) . Functionally, Ras proteins lie at the center of signal transduction pathways, linking signals from cell surface receptors to the cytosol and the nucleus (5, 8) . An upstream signal stimulates the dissociation of GDP from the GDP-bound form followed by formation of the GTP-bound form, which leads to the conformational change of the downstream effector-binding region and facilitates the interaction between Ras and its downstream effectors. After binding to Ras, Raf-1 (a Ras effector) is translocated to the plasma membrane on which its serine-threonine kinase activity becomes activated. Activated Raf-1 then phosphorylates and activates mitogen-activated protein kinase/extracellular signal-regulated kinase kinase (a dual kinase), resulting in the phosphorylation and activation of downstream serine/threonine kinases Erk1 and Erk2 (mitogen-activated protein kinases), which in turn activate Elk-1, a transcription factor involved in the ternary complex formation at serum response elements (SREs) (9) . There are several types of GAP of Ras in mammals, including the neurofibromatosis type 1 gene product GAP1m, as well as GAP1IP4BP, IQGAP1, and RasGAP (11) . RasGAP, also called p120RasGAP according to its molecular weight, is one of the first identified and best characterized GAPs of Ras (10, 11) . A splice variant encoding a shorter 100-kDa form of RasGAP is expressed only in placenta (12) . The established role of p120RasGAP is its ability to stimulate the return of Ras to the inactive GDP-bound form. p120RasGAP binds preferentially to GTP-bound Ras and greatly enhances the hydrolysis of GTP from Ras (5, 6) .
The suppressor of cytokine signaling (SOCS) protein family consists of more than 40 members. The SOCS box is about 50 amino acids in length and contains two blocks of well conserved amino acid residues. The C-terminal conserved region is an L/P-rich sequence of unknown function, whereas the N-terminal conserved region is a consensus BC box (13, 14) . The BC box structure is also found in elongin B and elongin C, two important proteins present in the E3 complex containing the von Hippel-Lindau tumor suppressor (15) . Based on their other domain structures, SOCS box-containing proteins can be divided into several subfamilies, including the SOCS subfamily (containing a SH2 domain), SSB subfamily (a SPRY domain), WD-40 repeat-containing SOCS box protein (WSB) subfamily (a WD-40 repeat), and ankyrin repeat-containing SOCS box protein (ASB) subfamily (an ankyrin repeat), and so forth (13, 14) . Ras and some Ras-like GTPases also contain SOCS boxlike structures (14) . In all of these proteins, the SOCS box is located in their C termini, and other different domain structures are located in their middle or N-terminal regions (14) . Although some of these subfamilies are components of or function as adaptors for a large family of E3 ligases to regulate certain signaling pathways (15) , the function of certain members, such as the SSB subfamily, remains to be determined.
In our previous studies, we have demonstrated that the SPRY domain of RanBP9 and RanBP10 is involved in the interaction between these two proteins and the MET tyrosine kinase domain (16, 17) . RanBP9 and RanBP10 exhibit functional differences on MET signaling (16, 17) . We hypothesized that the SPRY domain is a general protein-protein interaction interface mainly involved in the interaction of SPRY domaincontaining proteins with receptor protein-tyrosine kinase kinase domains. Because the SPRY domains of the SSB subfamily show significant amino acid sequence similarity with RanBP9 and RanBP10, we investigated whether these SPRY domain-containing SOCS box proteins played a role in the regulation of MET signaling pathways. The SSB protein subfamily contains four members: SSB-1 (NP_079382), SSB-2 (NP_116030), SSB-3 (NP_543137), and SSB-4 (NP_543138). We demonstrated that all four SSB proteins can interact with MET. SSB-1 through its SPRY domain interacts with the MET tyrosine kinase domain, and the interaction was regulated positively by HGF. We also demonstrated that, upon HGF stimulation, SSB-1 is phosphorylated at its tyrosine residue 31 and phosphorylated SSB-1 can interact with p120RasGAP. Furthermore, SSB-1 enhances the HGF-MET-induced ErkElk-1-SRE pathway. These results suggest that SSB-1 is an important regulator in the HGF-MET signaling.
MATERIALS AND METHODS
Cell Culture, Transient Transfection, and Other Reagents-HeLa and HEK293 cells were maintained in Dulbecco's modified Eagle's medium containing penicillin (25 units/ml), streptomycin (25 g/ml), and 10% fetal bovine serum. Serum-starved cells were maintained in Dulbecco's modified Eagle's medium containing 0.1% fetal bovine serum. Transient transfection of plasmids, except for the transfection of RNAi constructs, was performed using SuperFect (Qiagen) transfection solution according to the manufacturer's protocol.
Plasmid Construction-pcDNA4C-SSB-1, pcDNA4C-SSB-2, pcDNA4C-SSB-3, and pcDNA4C-SSB-4 were constructed by inserting the corresponding PCR products into the pcDNA4C vector. The primers harboring the BamHI (forward primer) and EcoRI (reverse primer) site, respectively, were used to amplify the open reading frames of different human SSB cDNAs from a Marathone-ready kidney cDNA library (Clontech) for SSB-1 and SSB-2 and from Mammalian Gene Collection full-length cDNA clones for SSB-3 and SSB-4. pGFP-C3-SSB-1 and pcDNA4C-p120RasGAP-N were constructed with a similar strategy. pcDNA4C-p120RasGAP-N contains the N terminus of p120RasGAP, nucleotide 1-1333 of p120RasGAP open reading frame amplified from a first-strand human kidney cDNA. pKH3-SSB-1 was constructed by transferring the open reading frame of SSB-1 from pcDNA4C-SSB-1 to pKH3 through EcoRI and BamHI sites. pcDNA4C-SSB-1 (Y2P) and pKH3-SSB-1 (Y2P) were constructed based on wild-type pcDNA4C-SSB-1 by PCR-based mutagenesis. The codon for tyrosine residue 31 (Y2) of SSB-1 was mutated from TAT to TTT, corresponding to a tyrosine to phenylalanine change at the amino acid level. All inserts of the constructs involved in PCR amplification were confirmed by direct DNA sequencing.
GST Pull-down Assay-This assay was performed as described previously (17) . Briefly, GST or GST fusion proteins were expressed in BL21 cells and purified using glutathione-Sepharose 4B MicroSpin columns (Amersham Biosciences). Equal amounts of GST or GST fusion proteins were added into glutathione-Sepharose 4B MicroSpin columns and incubated for 2 h at 4°C. The in vitro expressed c-Myc-fused MET C-terminal fragment (amino acids 1102-1408) produced in the TNT system (Promega) was then added into each reaction and incubated at 4°C for 2 h. Bound proteins were eluted, and 20 l of each eluted protein was resolved on a SDS polyacrylamide gel followed by Western blot analysis using anti-c-Myc antibody.
Co-immunoprecipitation Assay-HGF (Sigma), EGF (Amersham Biosciences), antibodies including anti-His and anti-GFP monoclonal antibodies, anti-HA, anti-actin polyclonal antibody (Santa Cruz Biotechnology), anti-MET monoclonal antibody, anti-phosphotyrosine (anti-pTyr), anti-p120RasGAP polyclonal antibodies (Upstate Biotechnology), and anti-c-Myc antibody (BD Biosciences) were purchased from commercial sources as indicated. Co-immunoprecipitation assays were performed as described previously (16) . Cell lysates (500 g of total proteins) were incubated with immunoprecipitation antibody and incubated at 4°C for 2 h. Thirty l of protein A/G-agarose was then added into each mixture, which was then rotated at 4°C for 2 h, centrifuged, washed three times, and resolved on a SDS polyacrylamide gel followed by Western blot analysis.
SRE Dual Luciferase Assay-HeLa Cells were plated in 12-well dishes and transfected with different combinations of testing plasmids and the SRE-luciferase (SRE-LUC) reporter plasmid plus internal control plasmid pRL-SV40. Twelve h after transfection, cells were serumstarved for 16 -18 h and then treated with or without HGF (30 ng/ml) or EGF (200 ng/ml) for 8 h. Cells were lysed, and the dual luciferase assay was performed using the Dual-Luciferase Reporter 1000 Assay System (Promega) according to the manufacturer's protocol. Mean values of luciferase activity relative to the HGF-untreated and pcDNA4C-transfected control were calculated from triplicate wells.
pG5 Dual Luciferase Assay-HeLa Cells were plated in 12-well dishes and transfected with different combinations of testing plasmids and the pGal4-Elk-1 plasmid and the pG5-LUC reporter plasmid plus internal control plasmid pRL-SV40. Twelve h after transfection, cells were serum-starved for 16 -18 h and then treated with or without HGF (30 ng/ml) for 8 h. Cells were lysed, and the dual luciferase assay was performed using the Dual-Luciferase Reporter 1000 Assay System (Promega) according to the manufacturer's protocol. Mean values of luciferase activity relative to the HGF-untreated and pMCV-U6-transfected control were calculated from triplicate wells.
Construction and Transfection of DNA Vector-based RNA Interference Plasmids-Small interfering RNA (siRNA) target sites were selected by scanning the cDNA sequence for AA dinucleotides via siRNA target finder (Ambion), recording the 19 nucleotides that start with G or A immediately downstream of the AA, and then analyzing them by the BLAST search to eliminate any sequences with significant homology to other genes. The siRNA inserts, containing selected 19-nucleotide coding sequences followed by a 9-nucleotide spacer, an inverted repeat of the coding sequences, plus 6 threonine residues, were generated as double-stranded DNAs with ApaI and EcoRI sites with primer extension and then subcloned into plasmid pMSCV/U6 at the ApaI/EcoRI site. The corresponding oligonucleotides for generating the SSB-1-RNAi-A insert are 5Ј-GTTAACTCTCTTAGAGTCTTTCAAGAG-AAGACTCTAAGAGAGTTAACTTTTTT-3Ј (forward) and 5Ј-AATTAA-AAAAGTTAACTCTCTTAGAGTCTTCTCTTGAAAGACTCTAAGAGA-GTTAACGC C-3Ј (reverse). The corresponding oligonucleotides for generating the SSB-1-RNAi-B insert are 5Ј-ATGTACATTACCCCCTT-ATTTCAAGAGAATAAGGGGGTAATGTACATTTTTT-3Ј (forward) and 5Ј-AATTAAAAAAATGTACATTACCCCCTTATTCTCTTGAAATAAGG-GGGTAATGTACATGGCC-3Ј (reverse). The corresponding oligonucleo-tides for generating the SSB-1-RNAi-NC-C are 5Ј-ATAGCCTCACGTG-CAATCTTTCAAGAGAAGATTGCACGTGAGGCTATTTTTTT-3Ј (forward) and 5Ј-AATTAAAAAAATGCCTCACGTGCAATCTTCTCTTGAA-AGATTGCACGTGAGGCTATGGCC-3Ј (reverse). The corresponding oligonucleotides for generating the SSB-1-RNAi-Sc-B (scramblesequenced RNAi-B) are 5Ј-ATTTAGTAAACCCTTCCCCTCAAGA GAG-GGAAAGGGTTTACTAAATTTTTTT-3Ј (forward) and 5Ј-AATTAAAA-AAATTTAGTAAACCCTTTCCCTCTCTGAGGGGAAAGGGTTTACTA-AATGGCC-3Ј (reverse). These constructs were transfected into in HeLa cells using FuGENE 6 (Roche Applied Science) transfection solution according to the manufacturer's protocol. Thirty-six h after transfection, the cells were collected by trypsinization and reseeded in the selective medium, growth medium plus 1 g/ml puromycin (BD Biosciences). Twenty-four h after the treatment, all nontransfected cells floating in the medium were washed away. The transfected cells were allowed to proliferate for 2 days and collected for RNA isolation and real time PCR.
RNA Isolation and Real Time Reverse Transcription-PCR-Total
RNAs were extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. One g of RNA was subjected to reverse transcription using Superscript II (Invitrogen). The reactions were incubated at 42°C for 50 min. The SSB-1 primers, 5Ј-ACGCTATCAGG-GGCAAAGTCG-3Ј (sense) and 5Ј-GGCTACCAGGAAGGAGTCAGG-3Ј (antisense), and the ␤-actin primers (as a control), 5Ј-GATCATTGCT-CCTCCTGAGC-3Ј (sense) and 5Ј-TGTGGACTTGGGAGAGGACT-3Ј (antisense), were used in our experiments. Real time PCR was performed with 5 l of 10-fold diluted reverse transcription product, 25 l of 2ϫ SYBR green PCR master mix (Bio-Rad), and 1 l of each primer (10 M) in a total volume of 50 l. PCR was performed on an iCycler iQ multicolor real time PCR detection system (Bio-Rad), and cycling conditions were 95°C for 10 min followed by 50 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 30 s. Each sample was run in triplicate. Data were analyzed by iCycler iQ software (Bio-Rad).
RESULTS

SSB Proteins Contains a SPRY Domain Similar to the One in
RanBP9 and RanBP10 -SSB proteins contain a central SPRY domain and a C-terminal SOCS box. There are a total of four putative SSB proteins encoded in the human genome, namely SSB-1, SSB-2, SSB-3, and SSB-4. The SPRY domain is also present in a variety of other proteins including RanBP9 and RanBP10 (16, 17) . Amino acid sequence alignment analysis using Vector NT I software revealed that the four SSB proteins share an overall 71.4% positive and 10.6% identity of their amino acid sequences. SSB-1 shares 50 and 75% amino acid sequence identity with SSB-2 and SSB-4, respectively. SSB-3 possesses a long N-terminal extension and shares the least amino acid sequence identity with the rest of the SSB proteins. SSB-3 only shares 16% identity with SSB-1. SSB-1 contains a tyrosine residue in the context of YXXP in its N-terminal region. However, this feature is not conserved among other SSB proteins (Fig. 1) . The alignment also revealed that the SSB protein family has higher similarity in its SPRY domains and SOCS boxes (Fig. 1) . Among the four SSB proteins, they share 96.2% positives and 19.1% identity in their SPRY domains and 89.4% positives and 19.1% identity in their SOCS boxes. Their SPRY domains share a high degree of similarity with the SPRY domains in RanBP9 and RanBP10 with the positive of 75.7% (Fig. 1) . We have demonstrated in our previous studies that the SPRY domains in RanBP9 and RanBP10 are responsible for their interactions with the tyrosine kinase domain of MET (16, 17) . As SSB proteins also contain a SPRY domain, which shares high sequence similarity with the ones in RanBP9 and RanBP10, we further tested whether these proteins could also interact with MET.
SSB Proteins Interact with MET-HEK293 cells, a human embryonic kidney cell line, transfected with pcDNA4-SSB-1, -2, -3, -4 or the parental vector pcDNA4, respectively, were harvested and lysed. The lysates were then immunoprecipitated with anti-MET antibody. Immunoblotting with anti-His 6 antibody and anti-MET antibody revealed that His 6 -tagged SSB-1, SSB-2, SSB-3, and SSB-4 were co-immunoprecipitated with MET but not with the control anti-GFP antibody ( Fig. 2A) , demonstrating that these SSB proteins could interact with MET. The interaction between MET and one of the SSB proteins, SSB-1, was further tested by a GST pull-down assay, in which the fusion protein of c-Myc and MET tyrosine kinase domain was able to bind to the GST⅐SSB-1 fusion protein but not by GST alone (Fig. 2B ). This result demonstrated the direct interaction between SSB-1 and MET tyrosine kinase domain. A second set of GST pull-down assays mapped the MET-interacting region in SSB-1, not surprisingly, to its SPRY domain (Fig.  2C) . These data further confirmed that the SPRY domain is involved in protein-protein interaction. As a receptor proteintyrosine kinase, MET is phosphorylated and activated upon stimulation with its ligand, HGF. We therefore tested the interaction between SSB-1 and MET in the presence or absence of HGF stimulation by a co-immunoprecipitation assay. The experiments were conducted three times, and the data were quantified using ImageQuant software. All of the three experiments showed that in the presence of HGF more GFP⅐SSB-1 fusion proteins (ϳ4-fold increase) were co-immunoprecipitated with the anti-MET antibody, indicating that HGF stimulation has a positive effect on the interaction between SSB-1 and MET (Fig. 2D) . This is consistent with our previous finding that the interaction between MET and RanBP9 through its SPRY domain can be enhanced with HGF treatment (16, 17) .
SSB-1 Enhances HGF-induced SRE-LUC Reporter Gene Expression and Erk
Phosphorylation-Although the four SSB proteins are quite similar in terms of their amino acid sequences and their abilities to interact with MET tyrosine kinase domain, our luciferase assay showed that they differed in their effects on HGF-induced SRE-LUC expression (Fig. 3A) . Our results indicated that overexpression of SSB-1 but not other SSB proteins can enhance the HGF-induced SRE-LUC expression (Fig. 3A) without affecting the basal SRE-LUC expression or the EGF-induced SRE-LUC expression (Fig. 3B) . Furthermore, our Western blot analysis showed that the HGF-induced Erk phosphorylation in HEK293 cells was also enhanced ϳ5-fold upon SSB-1 overexpression (Fig. 3C) . The quantification was based on three independent experiments. These data demonstrated that, when overexpressed, only SSB-1 could enhance the HGF-induced Erk-SRE signaling.
Suppression of SSB-1 by siRNA Represses HGF-induced SRE-LUC and pG5-LUC Expression-To further investigate the role of SSB-1 on the HGF-induced Erk-SRE signaling, we suppressed SSB-1 expression using a RNAi technique. Potential inhibitory sequences were constructed into the pMSCV/U6 vector and transfected into HeLa cells. RNAs were then extracted from these cells and used as templates in real time reverse transcription-PCR to analyze the mRNA expression of SSB-1. pMSCV/U6-RNAi-B and pMSCV/U6-RNAi-A were found to be able to inhibit SSB-1 mRNA expression by 60 and 25%, respectively. pMSCV/U6-RNAi-NC-C did not show an inhibitory effect and served as a negative control (NC). A scramble RNAi-B (pMSCV/U6-RNAi-Sc-B) was also constructed and served as another negative control (Fig. 4A) . Consistent with the mRNA level, we found that SSB-1 protein expression was also suppressed by pMSCV/U6-RNAi-B and pMSCV/U6-RNAi-A. Each of these siRNA constructs was transfected into HeLa cells at a 1:1 transfection ratio with pKH3-SSB-1. pEGFP-C3 in an amount equal to 5% of the total DNA was also included in the transfection. Fifty g of whole cell lysate proteins from each sample was used for the Western blot analysis of HA-SSB-1, GFP (transfection control), and ␤-actin (equal loading control). When normalized with the amount of GFP, HA-SSB-1 protein expression was suppressed 83 and 28% by pMSCV/U6-RNAi-B and pMSCV/U6-RNAi-A, respectively, whereas pMSCV/U6, pMSCV/U6-RNAi-NC-C, and pMSCV/U6-RNAi-Sc-B did not show obvious effects on SSB-1 protein level. The expression of the two controls was not affected by these siRNA constructs. In a SRE-LUC experimental group, HGF-induced SRE-LUC expression was suppressed when SSB-1 expression was inhibited 30 and 50% by pMSCV/ U6-RNAi-B and pMSCV/U6-RNAi-A, respectively, whereas negative RNAi controls did not affect the induction (Fig. 4C) . In another luciferase assay, pGAL4-Elk plasmid and a control plasmid pRL-SV40 were co-transfected into HeLa cells with the reporter pG5-LUC containing a Gal4-DNA-binding site. pGal4-Elk-1 encodes a fusion protein of Elk-1 and the Gal4-DNAbinding domain, which directs Elk-1 to pG5-LUC. Therefore, the expression level of pG5-LUC in this system reflects the activated Elk-1 level. Our results showed that when SSB-1 was suppressed by RNAi, Elk-1 activation reflected by luciferase expression was also suppressed (Fig. 4D) . This further suggests that SSB-1 may play an important role in the HGF-induced Erk-Elk-1-SRE signaling.
SSB-1 Is Phosphorylated at Tyrosine Residue 31 (Y2) upon HGF Stimulation-MET is a receptor protein-tyrosine kinase
in which the tyrosine kinase activity is activated by binding with its ligand, HGF. A variety of adaptor proteins such as phosphatidylinositol 3-kinase and Shc have been shown to be tyrosine-phosphorylated following association with MET upon HGF stimulation. We asked whether SSB-1 is a MET substrate or whether SSB-1 becomes phosphorylated upon HGF stimulation. Amino acid analysis revealed that the SSB-1 protein . Indeed, the tyrosine phosphorylation of SSB-1 upon HGF stimulation was demonstrated in two independent experiments. In the first experiment, pcDNA4-SSB-1 or the parental vector pcDNA4 was transfected into HEK293 cells, which then underwent serum starvation followed with or without HGF stimulation (30 ng/ ml) for 30 min. The cells lysates purified with nickel-nitrilotriacetic acid beads, which specifically bind to His 6 -tagged proteins (in this case, His 6 -tagged SSB-1 proteins), were resolved on a SDS polyacrylamide gel and immunoblotted with antipTyr antibody. Our results showed that in the presence of HGF stimulation, the SSB-1 protein was tyrosine-phosphorylated (Fig. 5A) . As a control experiment, crude cell lysates from these samples were immunoblotted with anti-His 6 antibody and showed an equal expression of His 6 -SSB-1 in the presence or absence of HGF stimulation (Fig. 5A) . The second experiment utilized a slightly different approach; SSB-1 was expressed as a HA fusion protein (pKH3-SSB-1) and purified by immunoprecipitation with anti-HA antibody. The immunoprecipitated complex was resolved on a SDS polyacrylamide gel and immunoblotted with anti-pTyr antibody. This experiment confirmed that in the presence of HGF, SSB-1 was tyrosine-phosphorylated. Crude cell lysates immunoblotted with anti-HA antibody showed that equal amounts of HA-SSB-1 were immunoprecipitated with the anti-HA antibody in the presence and absence of HGF stimulation (Fig. 5B) . SSB-1 contains an N-terminal YXXP motif that is similar to the one in SOCS-3 (18) . This N-terminal YXXP motif in SSB-1 is conserved between human and mouse but not present in other SSB family members (Figs.  1 and 5C ). It has been shown that SOCS-3, a SOCS boxcontaining protein, is tyrosine-phosphorylated at a tyrosine residue in its YXXP motif and that modification of SOCS-3 through this YXXP motif phosphorylation is critical for its association with p120RasGAP (18) . To further test whether SSB-1 was phosphorylated at the YXXP region, we constructed a mutation into the SSB-1 construct by changing Y2 (tyrosine residue 31) into a phenylalanine residue. Indeed, SSB-1 with this single mutation failed to be phosphorylated upon HGF stimulation (Fig. 5B ). These results demonstrate that tyrosine residue 31 of SSB-1 is the key amino acid phosphorylated in response to HGF stimulation.
Phosphorylated SSB-1 Associates with p120RasGAP upon HGF Stimulation-Tyrosine residues 31 (Y2) in SSB-1 that is phosphorylated in response to HGF stimulation are located in a context of YXXP (YCKP). This is consistent with a known consensus SH2-binding sequence, a phosphorylated YXXP mo- FIG. 3 . SSB-1 enhances the HGF-induced SRE-LUC reporter gene expression and Erk phosphorylation. A, SSB-1 but not SSB-2, SSB-3, or SSB-4 enhances the HGF-induced SRE-LUC reporter gene expression. HeLa cells transfected with pcDNA4 or pcDNA4-SSB-1, pcDNA4-SSB-2, pcDNA4-SSB-3, or pcDNA4-SSB-4, together with a SRE-LUC reporter plasmid, were lysed after being treated with or without HGF as indicated. LUC activities were measured, and the mean values of LUC activity relative to HGF-untreated and pcDNA4 control (column 6) were calculated from triplicate experiments. Mean values of LUC activity relative to the HGF-untreated and pcDNA4-transfected control were calculated from triplicate wells. B, SSB-1 enhances HGF-induced but not EGF-induced SRE-LUC expression. HeLa cells transfected with pcDNA4 or pcDNA4-SSB-1 together with the SRE-LUC reporter plasmid were lysed after being treated with or without HGF (30 ng/ml) or EGF (200 ng/ml) as indicated. LUC activities were measured, and the mean values of LUC activity relative to untreated and pcDNA4-transfected control (column 1) were calculated from triplicate experiments. Mean values of LUC activity relative to the HGF-untreated and pcDNA4-transfected control were calculated from triplicate wells. C, SSB-1 enhances HGF-induced Erk phosphorylation in HEK293 cells. HEK293 cells transfected with pcDNA4 or pcDNA4-SSB-1 were serum-starved for 18 h; they were lysed after being treated with or without HGF (30 ng/ml) as indicated. The lysates were resolved on a SDS polyacrylamide gel followed by immunoblotting with anti-Erk2 or anti-pErk antibody. Quantification of relative abundance of phosphorylated Erk (p-Erk) using ImageQuant software based on three independent experiments were shown on the right.
tif (18 -20) . This sequence is responsible for proteins binding to the SH2 domain of p120RasGAP (18) . To further explore whether the phosphorylated SSB-1 could bind to p120RasGAP, we performed co-immunoprecipitation experiments. We found that the endogenous p120RasGAP protein could be co-immunoprecipitated with the transfected GFP⅐SSB-1 fusion protein with anti-GFP antibody. The interaction between SSB-1 and p120RasGAP was only detectable in cells treated with HGF. Each of these siRNA constructs was transfected into HeLa cells at a 1:1 transfection ratio with pKH3-SSB-1. pEGFP-C3 in an amount equal to 5% of the total DNA was also transfected as the transfection control; 50 g of total cell lysate proteins from each sample was used for the Western blot analysis of SSB-1 (HA-tagged), GFP, and ␤-actin. C, suppression of SSB-1 by siRNA represses HGF-induced SRE-LUC expression. HeLa cells transfected with different RNAi constructs and the SRE-LUC reporter plasmid and an internal control plasmid pRL-SV40 were serum-starved and treated with or without HGF. The cells were then lysed, and LUC activities were measured. Mean values of LUC activity relative to the HGF-untreated and pMCV-U6-transfected control were calculated from triplicate wells. D, inhibition of SSB-1 by siRNA suppresses HGFinduced pG5-LUC expression. HeLa cells transfected with different RNAi constructs and pGal4-Elk-1 plasmid and pG5-LUC reporter plasmid plus internal control plasmid pRL-SV40 were serum-starved and treated with or without HGF. The cells were then lysed, and LUC activities were measured. Mean values of LUC activity relative to the HGF-untreated and pMCV-U6-transfected control were calculated from triplicate wells.
FIG. 5. SSB-1 is phosphorylated at tyrosine residue 31 (Y2) upon HGF stimulation.
A, His 6 -SSB-1 is tyrosine-phosphorylated in response to HGF stimulation. pcDNA4-SSB-1 or the parental vector pcDNA4 was transfected into HEK293 cells, which then underwent serum starvation followed with or without HGF stimulation. Nickelnitrilotriacetic acid (Ni-NTA) agarose-purified cell lysates were resolved on a SDS polyacrylamide gel and immunoblotted (IB) with antipTyr antibody (upper panel). Crude cell lysates were immunoblotted with anti-His 6 antibody to determine equal His 6 -SSB-1 expression in the presence and absence of HGF stimulation for 30 min (lower panel). NS indicates nonspecific bands. B, HA-SSB-1 is tyrosine-phosphorylated in response to HGF stimulation, and a tyrosine to phenylalanine (Y31F) mutation of tyrosine residue 31 (Y2) abolishes the phosphorylation. pKH3-SSB-1, pKH3-SSB-1 Y2M, or the parental vector pKH3 was transfected into HEK293 cells, which then underwent serum starvation followed with or without HGF stimulation. Anti-HA-immunoprecipitated complexes were resolved on a SDS polyacrylamide gel and immunoblotted with anti-pTyr antibody. Crude cell lysates were immunoblotted with anti-HA antibody to demonstrate that equal amounts of HA-SSB-1 were present in different lysates. C, the N-terminal YXXP motif in SSB-1 is conserved but not present in other SSB proteins. Human and mouse amino acid sequences of SSB-1 surrounding the YXXP motif are aligned together with other SSB members in the similar region. The YXXP motif is in bold face, and the tyrosine in the motif is indicated by an arrowhead. Conserved sequences between human and mouse are shaded.
The SSB-1-interacting region in p120RasGAP was located in its N terminus because a transfected p120RasGAP N terminus could also be co-immunoprecipitated with SSB-1 (Fig. 6A) . Furthermore, immunoblotting with anti-pTyr antibody indicated that SSB-1 was in its phosphorylated state (Fig. 6A) . These results suggest that only phosphorylated SSB-1 binds to p120RasGAP. These results also suggest that similar to SOCS-3 (18), tyrosine-phosphorylated SSB-1 may bind to p120RasGAP in an SH2-dependent manner. Because SOCS box containing proteins may be involved in protein ubiquitination and proteasomal degradation, we further tested whether the stability of p120RasGAP was affected by SSB-1 overexpression. HA-tagged SSB-1 was overexpressed in HEK293 cells by transfection of the pKH3-SSB-1 plasmid and the corresponding parental vector, pKH3, respectively. Cells were serum-starved for 16 h and treated with cycloheximide (100 g/ml) for 6 h before they were treated with HGF (50 ng/ml) for predetermined time periods. Our experiments showed that SSB-1 overexpression did not affect p120RasGAP stability (Fig. 6B) , indicating that increased HGF-induced Erk-Elk-1-SRE activity by SSB-1 is not due to increased p120RasGAP degradation. DISCUSSION The SOCS box-containing protein family consists of a signature C-terminal SOCS box and a central or an N-terminal domain structure that differs in different subfamilies of these proteins (14) . Although members of the SOCS subfamily are well known for their negative regulatory roles in cytokine signal transduction (21) (22) (23) , the biochemical and cellular functions of the SSB subfamily have not been investigated. In this report, we provide experimental evidence that the SSB proteins interact with MET and that one member of the SSB subfamily, SSB-1, participates in regulation of the MET signaling pathway. SSB proteins contain a central SPRY domain and a Cterminal SOCS box. The SPRY domain is also present in a variety of other proteins including RanBP9 and RanBP10, which, as shown in our previous studies, can interact with MET via their SPRY domains (16, 17) . In this study, we have demonstrated that the SPRY domain in SSB-1 protein can also mediate the interaction between the tyrosine kinase domain of MET and SSB-1. The four SSB proteins share high sequence similarity especially in the region containing the SPRY domain and the SOCS box. Increasing evidence suggests that the SPRY domain is an interface for protein-protein interaction (16, 17, 24 -26) .
All of these four SSB genes are widely expressed in different human tissues based on the expression data compiled in the UniGene data base (NCBI) implicating their indispensable physiological roles. Although the differences in their temporal and spatial expressions are currently unknown, their molecular and physiological functions may be very different because of the difference in their amino acid sequences. The similarity and dissimilarity in their amino acid structures likely dictate their common and unique binding partners. As demonstrated by our experiments, although all four SSB proteins can interact with the MET, only SSB-1, and not other SSB proteins, enhances HGF-MET signaling. SSB-1 contains a tyrosine residue in the context of a YXXP sequence, and phosphorylation of this tyrosine is required for SSB-1 to bind to p120RasGAP, indicating that the interaction between SSB-1 and p120RasGAP is tightly controlled through SSB-1 Tyr 31 phosphorylation. This YXXP structural motif is not conserved in other SSB proteins. It is possible that this structural difference among the members of SSB proteins contributes to their functional difference in HGF-MET signaling. A growing body of evidence suggests that the SOCS box proteins mediate specific substrate binding to E3 ligases (14, 15) . However, SSB-1 does not affect the stability of p120RasGAP, suggesting that SSB-1-enhanced MET signaling does not rely on the degradation of p120RasGAP. It is conceivable that the phosphorylated SSB-1 might suppress the catalytic activity of p120RasGAP or simply bind to p120RasGAP to prevent p120RasGAP interaction with Ras. In the presence of SSB-1, activation of the Ras pathway by HGF-MET signaling might be sustained, which therefore promotes downstream gene expressions. Whether this is the underlying mechanism for SSB-1 enhancing MET signaling remains to be further defined.
Finally, our results provide further evidence that the SOCS box-containing protein family possesses diverse biochemical and cellular functions. It has been speculated that all SOCS box-containing proteins function as substrate recognition components of E3 complexes (14) . This hypothesis is based on the observation that members of many different SOCS box-containing protein subfamilies, including SOCS-1, SOCS-3, ASB-1, SSB-1, WSB-2, Rar-1, elongin A, and VHL, can form a complex with elongin B and elongin C (15). For example, VHLelongin C-elongin B along with Cul-2 and Rbx-1 form a well characterized E3 that targets HIF-1␣ and HIF-2␣ for ubiquiti- Equal amounts of GFP⅐SSB-1 contained in the lysates were also demonstrated with an anti-GFP blot (bottom panel). B, overexpression of HA-SSB-1 does not decrease p120RasGAP levels upon HGF treatment. HEK293 cells transfected with pKH3-SSB-1 or the parental vector pKH3 were serum starved for 16 h. The cells were pretreated with cycloheximide (100 g/ml) for 6 h before they were treated with HGF (50 ng/ml) for predetermined time periods as indicated. The cell lysates were resolved on a SDS polyacrylamide gel and immunoblotted with anti-p120RasGAP antibody (top panels), anti-␤-actin (middle panels), and anti-HA antibody (bottom panels), respectively. p120RasGAP levels were not affected by the overexpression of SSB-1. nation and proteasomal degradation (27, 28) . Similarly, SOCS-1 has also been demonstrated to promote VAV and TEL-JAK2 degradation (22) . Upon cytokine stimulation, SOCS-3 becomes tyrosine-phosphorylated and inhibits the activation of STAT5. However, tyrosine-phosphorylated SOCS-3 can also block p120RasGAP and therefore sustain Ras activation (18) . This indicates that SOCS box-containing proteins even from the same subfamily may, through different molecular mechanisms, regulate different signaling pathways. Moreover, these activities may not necessarily involve E3 pathways. It is possible that even within a subfamily these proteins may function as opponents or competitors in certain signaling pathways despite the possession of very similar amino acid sequences. Although SSB-1 does not promote p120RasGAP degradation as demonstrated in our experiments, this does not rule out the possibility that SSB-1 and other SSB proteins may still mediate ubiquitination and proteasomal degradation of other proteins.
